We have succeeded in synthesizing two types of new organic radical crystals 3-I-V [= 3- 
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A large number of organic radical materials have been synthesized in the past two decades through the use of representative free radicals such as nitroxide and nitronyl nitroxide. They have attracted considerable attention as ideal S = 1/2 quantum spin systems owing to the low dimensionality of molecular-based material. Some of them have been reported to possess isomorphous structures with different chemical modifications, which indicates a potential to fine-tune intermolecular magnetic interactions. 7 Recently, we established synthetic techniques for preparing high-quality verdazyl radical crystals and successfully synthesized a variety of materials forming unconventional magnetic lattices. [8] [9] [10] [11] The verdazyl radical can exhibit a delocalized π-electron spin density even on non-planar molecular structures, which is an essential property for forming unconventioanl magnetic lattices. This flexibility of the molecular structure enabled us to design molecular arrangements by chemical modification, resulting in the fine-tuning of intermolecular magnetic interactions.
The spin ladder is one of the most representative quantum spin systems. The S = 1/2 antiferromagnetic (AFM) spin ladder, which exhibits AFM rung and leg interactions, has been extensively studied in relation to field-induced quantum phase transitions and high-T c superconductors. 12, 13 Recent investigations on new copper complexes, BPCB and DIMPY, have furthered the understanding of S = 1/2 AFM spin ladders and their field-induced quantum liquid phases. [14] [15] [16] Furthermore, much attention has been given to the interesting contrast for the associated Tomonaga-Luttinger liquids between strong-leg and strong-rung coupling regimes, where attractive and repulsive interactions act between spinless fermions, respectively. 17, 18 In contrast to such AFM spin ladders, in ferromagnetic (FM) chain-based spin ladders, where FM chains are coupled by AFM rung interactions, it is uncertain whether a quantum state can be stabilized because of suppression of quantum fluctuations originating from the FM chains. 19, 20 We previously reported the first experimental realization of an S = 1/2 FM chain-based spin ladder in 3-Cl-4-F-V, 8 where the ratio between the rung and the leg interactions, γ = |J rung /J leg |, was evaluated as 0.55. Because 3-Cl-4-F-V has strong-leg coupling, a model substance that has a strong-rung coupling with γ>0.55 is required to examine the differences in coupling regimes. Additionaly, further strong-leg couping with a small value of γ<0.55 is also necessary to clarify the classical magnetic effect of the FM chains.
In this study, we present two types of new model materials for S = 1/2 FM chain- We synthesized 3-I-V and 3-Br-4-F-V using a conventional procedure similar to that used for preparing the typical verdazyl radical 1,3,5-triphenylverdazyl. 21 The crystal structure was determined by the intensity data collected using a Rigaku CCD Mercury diffractometer. The magnetic susceptibility and magnetization curves were measured using a commercial SQUID magnetometer (MPMS-XL, Quantum Design) and a capacitive Faraday magnetometer, respectively. The experimental results were corrected for the diamagnetic contributions -1.86× 10 −4 and -2.56 × 10 −4 emu mol −1 , which are determined based on the QMC analysis (to be described) and close to those calculated by Pascal's method, for 3-I-V and 3-Br-4-F-V, respectively. The specific heat was measured using a hand-made apparatus by a standard adiabatic heat-pulse method for 0.30 K < T < 2.5 K. Considering the isotropic nature of organic radical systems, all experiments were performed using randomly oriented small single crystals. (4) • . 23 These results indicate that the molecular arrangements of these materials are isomorphous to that of 3-Cl-4-F-V. 8 The verdazyl ring with four nitrogen atoms, the right side two phenyl rings, and the left side phenyl ring are labeled R 1 , R 2 , R 3 , and R 4 , respectively, for both molecules, as shown in Figs. 1(a) and 1(b). It is significant that both molecules have non-planar structures, and their dihedral angles are listed in Table I with those of 3-Cl-4-F-V. In these materials, the large covalent radius of the halogens introduced at the 3-position, which correspond to I, Br, and Cl atoms in 3-I-V, 3-Br-4-F-V, and 3-Cl-4-F-V, respectively, result in relatively large dihedral angles only in R 1 -R 3 , while the other dihedral angles are comparatively small. These results crucially show that the halogens introduced at the 3-position define the dihedral angles in the molecules.
Here, attention is directed mainly toward the structural features related to the R 1 ∼R 3 rings, which have relatively large spin densities. given by To further examine the magnetic properties, we carried out a quantitative analysis assuming an S = 1/2 FM chain-based spin ladder. We calculated the magnetic susceptibility as a function of γ = |J rung /J leg | by using the quantum Monte Carlo (QMC) method. 26 We found that there was no distinct γ dependence of χ, and χT values are very sensitive to changes in γ, as shown in the insets of Fig. 3 . We then obtained good agreement between experiment and calculation by using the parameters in Table II, to the lowest triplet states, respectively. Because the expected value of the energy gap is quite small for 3-I-V, the inter-ladder couplings cause a disappearance of the energy gap and phase transition to an ordered state, which results in the deviation of magnetic susceptibility in the low-temperature region. We calculated the magnetization curves using the same parameters as in the above analysis. 30 We obtained good agreement between experiment and calculation, while there are some deviations in the vicinity of the zero and saturation fields for 3-I-V, as shown in Fig. 4(a) . For 3-Br-4-F-V, considering the agreement in the value of the magnetic field corresponding to the energy gap, the interladder interactions are inconsequential for the intraladder ones. For 3-I-V, since the experimental temperature of 0.5 K is sufficiently lower than the T N , the difference between the calculated gapped and the actual gapless behaviors is enhanced.
We confirmed that the value of J rung is directly affected by the short contact distance d 4 between molecules. In the case of the leg direction, there are some differences in molecular overlaps, as shown in Figs. 2(a)-2(c) . The slight change in molecular overlaps is known to have relatively strong influence on the value of magnetic interaction. Although it is difficult to 
